The ability to confidently estimate the depths of small-to-medium sized (3.5 ≤ m b ≤ 5.5) seismic disturbances is important both in plate tectonics studies, and when monitoring compliance with the Comprehensive Nuclear-Test-Ban Treaty (CTBT). Seismic source depths can be determined by identification of the teleseismic depth phases pP and sP, and also by modelling surface wave amplitude spectra. The radiation pattern of the teleseismic depth phase pP and fundamental mode Rayleigh amplitudes show that the effectiveness of these methods of earthquake depth estimation is dependent on the orientation of the focal mechanism and the station locations. For some focal mechanisms, the predicted amplitude of the teleseismic depth phase pP will only be large for stations in certain locations, and the Rayleigh wave spectral nulls that tightly constrain the seismic source depth when modelling surface wave amplitude spectra often only occur for a limited range of azimuths. In this study, we show that for sources where Rayleigh wave spectral nulls are not observed and the source depth cannot be constrained using the surface wave amplitude spectra, the focal mechanism obtained by modelling Rayleigh and Love wave amplitude spectra can be used to identify the locations of stations where pP should have a large amplitude and hence be easiest for an analyst to identify. The increased global coverage of seismometer stations means that there is an increased likelihood that stations exist in the locations where the predicted amplitude of pP is large. As the identified depth phases are consistent with the focal mechanism this approach allows increased confidence to be placed in the identified depth phases and hence the estimated source depth. This approach could potentially be used with other methods of focal mechanism estimation provided that the method used to estimate the focal mechanism is independent of the source depth.
I N T RO D U C T I O N
The accurate determination of earthquake depth is essential for understanding plate-tectonic processes (Stein & Wiens 1986) . It is also important for the verification of the Comprehensive NuclearTest-Ban-Treaty (CTBT) as underground explosions are unlikely to be fired at depths of more than a few kilometres. If a seismic source can therefore be shown to be deeper than a few kilometres, it can be identified as an earthquake. Although many methods for the estimation of source depth exist, accurate determination of depth is for many earthquakes still often a challenge.
One of the most reliable ways of estimating the depth of earthquakes is to identify the depth phases (pP and sP) on P seismograms recorded at long range. For a given wave-speed structure for the source region, the difference in arrival time between P and the depth phases can be used to estimate depth. Ideally the P seismograms should have a good signal-to-noise ratio (SNR), with P, pP and sP being the dominant phases on the seismogram. However, as Douglas (1967) noted, there are many short-period (SP) P seismograms from earthquakes that appear to have no clear depth phases; seismograms are either complex with many arrivals of similar amplitude to the onset or simple with direct P having the dominant amplitude. Many methods have been developed to help identify depth phases on P seismograms and hence estimate earthquake source depths (e.g. Woodgold 1999; Bonner et al. 2002; Murphy & Barker 2006; Heyburn & Bowers 2008) . However, confident identification of depth phases and hence depth estimation is often difficult.
Seismic source depths can also be estimated using the observed surface wave amplitude spectra. Tsai & Aki (1970) demonstrated that the shapes of 50-10 s Rayleigh wave amplitude spectra are sensitive to changes in the depths of earthquakes. For example, frequency-dependent spectral nulls which can provide a tight constraint on source depth are sometimes seen in the observed Rayleigh wave amplitude spectra, and as source depth increases Rayleigh and Love wave spectral amplitudes drop appreciably (Patton 1998) . Building on the work of Tsai & Aki (1970) and Patton (1998) , Fox et al. (2012) developed a method of estimating source depth, mechanism and scalar moment by modelling intermediate period (100-15 s) fundamental-mode Rayleigh and Love wave amplitude spectra. This method of depth estimation has been shown to be effective for many small-to-medium sized seismic sources (Fox et al. 2012) , however for some seismic sources, the depth resolution of this method has been found to be poor (Heyburn & Fox, 2010) .
For the purposes of monitoring the CTBT, accurate estimation of source depth is important, particularly for shallow sources which are close to the maximum depth at which an underground nuclear test is likely to be fired at. For sources where the depth phases have been confidently identified, the error in the estimated source depth will be a function of the error in the above-source wave speed model used to convert the pP-P or sP-P times into a source depth. As uncertainty in a depth estimate is approximately linearly dependent on the mean seismic wave speed in the above-source region, then if model errors of, for example, 15 per cent are expected then the estimated depth should be within ±15 per cent of the true source depth. Provided the depth phases are correctly identified, depths estimated using depth phase observations are therefore reasonably accurate for shallow sources and hence useful for the purposes of CTBT monitoring. For depths estimated by modelling intermediate period (100-15 s) fundamental-mode Rayleigh and Love wave amplitude spectra, Fox et al. (2012) find that the range of depths which have synthetic Rayleigh and Love wave amplitude spectra which produce statistically acceptable fits to the observed data is often greater than ±15 per cent of the optimum source depth. For applications where high precision source depths are required, depths estimated using Rayleigh and Love wave amplitude spectra may therefore need to be validated using depth phase observations. This study first focuses on understanding how the effectiveness of these two methods of source depth estimation is partly dependent on the focal mechanism of the seismic source. To do this, the radiation patterns of upward P and the Rayleigh waves are calculated and examined for a range of different focal mechanisms. Synthetic surface wave data for a hypothetical source are also inverted for source depth and mechanism to demonstrate how the absence or presence of spectral nulls in the observed Rayleigh wave amplitude spectra affect the constraint placed upon the source depth.
Many previous studies (e.g. Holt & Wallace 1987; Baker & Doser 1988; Selby et al. 2005; Heyburn & Fox, 2010) have shown how greater confidence can be placed in estimated earthquake source parameters if they are shown to be consistent with different independent data types which are recorded at a range of distances. In the second part of this study, we show how body and surface wave data can be combined to estimate the source depth for seismic sources whose source depth cannot be confidently estimated when each of these two approaches to depth estimation are applied individually.
U P WA R D P R A D I AT I O N PAT T E R N S
The amplitude of P waves radiated from an arbitrarily oriented double-couple (i.e. earthquake) source vary with the take-off angle and azimuth. One of the principle factors affecting the observed amplitude of direct P and the upward radiated depth phase pP observed at a given location will therefore be the orientation of the double-couple source (i.e. the focal mechanism). In dimensionless form the radiation coefficient of P waves, C P , is given by (Aki & Richards, 2002) ,
where φ is the azimuth of the station measured clockwise from north, i is the take-off angle of the waves at the source, and φ s , δ and λ are the strike, dip and rake in the co-ordinate system of Aki & Richards (1980) . This model of earthquake faulting assumes that the dimensions of the shear dislocation are small compared with the wavelength of the radiated P waves.
To examine how the amplitude of pP varies with location for different focal mechanisms, upwards P radiation coefficients are calculated using eq. (1) for four different focal mechanisms. Coefficients are calculated for all possible latitudes and longitudes in the same hemisphere (at a sampling interval of 1
• ) for a hypothetical source located in Iran at a depth of 15 km using take-off angles predicted by the IASPEI 1991 model (Kennett 1991) . Fig. 1 displays these upwards P radiation coefficients projected to possible station locations on maps centred on the epicentre of the hypothetical source in Iran for four focal mechanisms. Fig. 1(a) shows that for the pure strike-slip type fault, the amplitude of upward radiated P is predicted to be small in most locations at teleseismic distances. Identifying the depth phase pP on teleseismic P-wave seismograms is therefore predicted to be difficult for strike-slip faults. This is consistent with observations from previous studies (e.g. Heyburn et al. 2005) . However for a pure reverse (and normal) fault, Fig. 1(c) shows that upward radiated P is predicted to be large in most locations at teleseismic distances. As the B axis of the focal mechanism moves closer to a vertical orientation (i.e. the closer the focal mechanism is to a pure strike-slip fault), the geographic regions where upward radiated P is predicted to be large become progressively smaller. This is illustrated by the radiation patterns for an oblique reverse fault in Fig. 1(d) , and for a non-pure strike-slip fault in Fig. 1(b) .
For focal mechanisms where upward radiated P is predicted to be large in only limited geographic regions, prior knowledge of the focal mechanism could therefore potentially be useful so that analysts can focus their search for the phase pP on stations located in regions where pP should theoretically be largest and hence easiest for an analyst to identify. This could potentially increase confidence that the phases identified by the analyst are pPs and not some other phase such as an S-to-P conversion. This is important as the number of stations where an analyst can easily identify the depth phase pP is usually always less than for direct P. This is because for pP to be observed with a good SNR, the amplitude of upward radiated P must be greater than that of the signal generated noise, where as the amplitude of direct P only needs to be greater than the usually lower amplitude background noise at the station.
R AY L E I G H WAV E R A D I AT I O N PAT T E R N S
Rayleigh wave amplitude spectra are calculated for a range of azimuths and frequencies for the four different double-couple (earthquake) sources analysed in the previous section. The Rayleigh wave amplitude, A(φ, ω n ), at azimuth φ and frequency ω n is given by Aki & Richards (2002) ,
where k is the wavenumber, φ is the azimuth of the receiver from the source, M ij are the moment tensor elements of the focal mechanism (defined in terms of φ s , δ and λ in Aki & Richards 2002) , r 1 is the horizontal displacement eigenfunction, r 3 and r 4 are the eigenfunctions for shear stress and normal stress, α is the P wave speed, β is the S wave speed and ρ is the density. The function log 10 A(φ, ω n ) is plotted for the four fault types shown in Fig. 1 for hypothetical sources at depths of 5 and 15 km. Table 1 shows the Earth model used to calculate log 10 A(φ, ω n ). The model in Table 1 is a typical cratonic model where the wave speed remains fast to the surface. On the amplitude plots in Fig. 2 the red colour shows large amplitudes and blue shows small amplitudes. Rayleigh amplitude spectral nulls are clearly seen for the pure strikeslip fault (Fig. 2a ) and the reverse fault ( Fig. 2c ) for source depths of both 5 and 15 km. For the shallower source depth of 5 km, the spectral null occurs at a higher frequency than when the source depth is 15 km. For the non-pure strike-slip fault and the oblique reverse fault, no clear spectral nulls are observed for either source depth, estimating the source depth by the inversion of surface wave amplitude spectra is therefore expected to be difficult for these focal mechanism types. To demonstrate the constraint that Rayleigh amplitude spectral nulls place on the source depth, synthetic Rayleigh and Love wave amplitude spectra for a hypothetical source located in Iran are inverted using the method of Fox et al. (2012) . The synthetic Rayleigh (vertical component only) and Love wave amplitude spectra for the hypothetical source, are generated in a 3-D, laterally heterogeneous Earth model following the method of Ferreira & Woodhouse (2007) . In this method synthetic seismograms are generated by calculating the wave excitation in the local Earth structure at the source, making amplitude and path corrections due to propagation through the laterally heterogeneous 3-D CUB Earth model (Shapiro & Ritwoller 2002) , and finally calculating the displacement dependent on the local Earth structure at the receiver. Synthetic data for two hypothetical sources at depths of 15 km are calculated, the first is a pure strikeslip fault and the second is an oblique reverse fault. To invert the data for the two hypothetical sources, synthetic seismograms are computed for source depths between 1 and 39 km at intervals of 2 km, and for all orientations of the double-couple source using steps of 5
• for strike, dip and rake. Scalar moments are obtained for each focal mechanism and depth by scaling the unit synthetic amplitude spectra to the data for the hypothetical source. Computed synthetic surface wave amplitude spectra are then compared with the amplitude spectra for the hypothetical source in Iran (100-15 s period) using a least-squares measure of misfit, (m), which is defined as follows,
where T is the total number of traces, N is the number of discrete frequencies, d ij and s ij are the amplitudes of the data (in this example the data are synthetic data for a given hypothetical source) and the synthetic amplitude spectra at the jth frequency on the ith trace, and W ij is an azimuthal weight (defined as the inverse of the number of stations within ±10
• of the source-to-station azimuth for that particular station). Due to the 180
• strike and rake symmetries in the surface wave radiation patterns, the best-fitting amplitude spectra correspond to four different focal mechanisms:
• ). To select between these four possible mechanisms, a waveform comparison between synthetic and data seismograms is performed using the method described in Fox et al. (2012) .
Figs 3(a) and (b) show misfit-depth profiles with lowerhemisphere stereographic projections of the best-fitting focal mechanisms at each grid-searched depth, and Fig. 3(c) displays the locations of stations used in the inversions of data for the hypothetical sources. As no background noise has been added to the data for both hypothetical sources, the source depth (15 km) and mechanism are retrieved for both. However, there is greater variation in misfit with depth for the pure strike-slip fault. Figs 4(a) and (b) display the synthetic Rayleigh wave amplitude spectra calculated for the best-fitting focal mechanism at each gridsearched depth. As expected from the misfit-depth profiles there are large variations in the Rayleigh wave amplitude spectra at each grid-searched depth for the pure strike-slip fault (Fig. 4a) . The variation in frequency of the spectral amplitude nulls is also clearly observed at many of the stations. In contrast the Rayleigh wave amplitude spectra for the oblique reverse fault do not show any spectral nulls and do not show large variations in amplitude with frequency (Fig. 4b) . Due to the well-known trade-off between the scalar moment and the source depth, the spectra at each gridsearched depth are therefore similar and as a result the variation in misfit with depth is less than for the pure strike-slip fault. The results of these hypothetical inversions therefore suggest that estimating precise source depths for sources where no spectral nulls are observed in the Rayleigh wave amplitude spectra (e.g. oblique reverse and normal faults, non-pure strike-slip faults) could potentially be difficult. The effectiveness of the inversion for source depth will of course also depend on the azimuthal sampling. In the examples shown in Figs 3(a) and (b), azimuths between 270
• and 90
• are sampled well. This therefore suggests that the difficulty in estimating the source depth of the oblique reverse fault is due to the focal mechanism.
C O M B I N I N G O B S E RVAT I O N S T O E S T I M AT E S O U RC E D E P T H S
The misfit-depth profiles in Figs 3(a) and (b) show that the bestfitting focal mechanisms at each grid-searched depth obtained by inverting Rayleigh and Love wave amplitude spectra are similar. This suggests that the source depth and focal mechanism obtained by inverting Rayleigh and Love wave amplitude spectra are orthogonal when the source depth is poorly constrained. The focal mechanism obtained by modelling the surface wave amplitude spectra could therefore potentially be used to determine the locations where the depth phase pP should be large and hence easiest to identify by an analyst. In the following section this approach is applied to five earthquakes where depth estimation is difficult, either because there are no clear candidates for pP at many stations in the network, or because the results of the inversion of the surface wave amplitude spectra are inconclusive.
For each of these earthquakes, the method described in the previous section (Fox et al. 2012, method) is used to invert the observed Rayleigh (vertical component only) and Love wave amplitude spectra for the source depth and focal mechanism. Prior to the inversion, to isolate the fundamental-mode Rayleigh and Love waves, phasematched filtering (Herrin & Goforth 1977) using phase velocity estimates from the 3-D CUB Earth model (Shapiro & Ritwoller 2002 ) is applied to remove dispersion from the recorded waveforms. A 300 s Hann window is then applied to the observed surface waves to remove unwanted signals and noise. The misfit-depth profile obtained by inverting the observed Rayleigh and Love wave amplitude spectra is then analysed and a focal mechanism which is consistent for a range of source depths with low calculated values of (m) is identified. Upward P radiation coefficients are then calculated for this focal mechanism to identify the stations where pP should be easiest for the analyst to identify on the teleseismic P wave seismograms. These seismograms are then interpreted in Figure 4 . (a) Synthetic Rayleigh wave amplitude spectra calculated for the best-fitting focal mechanism at each grid-searched depth for a hypothetical pure strike-slip fault located in Iran. Filtered waveforms (100-30 s) for the best-fitting focal mechanism at the hypothetical source depth of 15 km are also displayed. For each station the amplitude spectra are plotted above the waveforms. (b) Synthetic Rayleigh wave amplitude spectra and waveforms for a hypothetical oblique reverse fault located in Iran.
terms of P and pP and a source depth is estimated using the pP-P times predicted by the IASPEI91 wave speed model (Kennett 1991) . This approach could also potentially be applied for the depth phase sP. However, as the depth phase sP is very sensitive to the above-source structure, identification of sP is often difficult hence the method described here is best suited for use with pP. It should also be noted that the source depths in the misfit-depth profiles obtained by inverting the observed Rayleigh and Love wave amplitude spectra are centroid depths, while source depths estimated by depth phase identification are the depth of rupture initiation. For the smallto-medium sized earthquakes analysed in this study these depths should be similar.
R E S U LT S
Estimated source depths for the five earthquakes analysed using the method described earlier are shown in Table 2 . Fig. 5 displays the P-wave seismograms for stations at teleseismic distances reporting direct P in the Reviewed Event Bulletin (REB) published by the International Data Centre for the 2009 February 23 Iran earthquake. The seismograms in Fig. 5 are complex, often with several arrivals with similar amplitudes in the time window after direct P. Confident identification of the depth phase pP is therefore difficult. The misfit-depth profile in Fig. 6(a) shows that the source depth is also poorly constrained when the surface wave amplitude spectra are inverted for source depth. The misfits calculated for the best-fitting focal mechanisms at each grid-searched depth are similar for source depths greater than 5 km and the best-fitting focal mechanisms are all non-pure strike-slip faults. Fig. 6 (b) shows calculated upward P radiation coefficients for the best-fitting focal mechanism at 13 km. The focal mechanism at a source depth of 13 km is chosen as below this depth the best-fitting focal mechanisms all have identical strikes and dips, and only show small variations in rake. Fig. 6(b) shows that for this focal mechanism the amplitude of pP is predicted to be large in only quite small geographic regions. Some selected seismograms with good SNRs recorded in these regions at BOSA, GERES, DAVOX and MLR (Fig. 7) show direct P followed around 6 s later by a large amplitude phase which is interpreted as pP. Using the IASPEI91 (Kennett 1991) wave speed model, a source depth of 19.5 km is estimated for the 2009 February 23 Iran earthquake.
For one of the earthquakes analysed in this study (2002 December 31 Iran earthquake), when the observed surface wave amplitude spectra were inverted, the best-fitting focal mechanisms at each grid-searched depth showed significant variation. Fig. 8(b) shows that at a depth of 25 km the best-fitting focal mechanism at each grid-searched depth changes from reverse faulting to strike-slip Table 2 . Parameters published in the REB (epicentre, origin time and m b ), depths estimated in this study, and focal mechanisms used to calculate the upward P radiation coefficients for the earthquakes analysed in this study. with the oblique reverse fault at 9 km depth having a similar misfit to the non-pure strike-slip fault at 39 km. This inconclusive result could be due to the Earth model used in the inversion. Here both of these possible source depths are tested. To do this, upward P and S radiation coefficients are calculated along with downward P radiation coefficients for the best-fitting focal mechanisms at 9 and 39 km. Teleseismic P-wave seismograms recorded for this source are then analysed to see whether they are consistent with either hypothetical source depth or mechanism. For the hypothetical source depth of 9 km, the calculated upward P radiation coefficients in Fig. 8(c) suggest that pP should be large in Western Europe and in North America. Seismograms in Fig. 8(d) recorded at EKA, YKA and FINES show a large arrival approximately 3.5 s after direct P. A pP-P time of 3.5 s is consistent with a source depth of around 11 km for the IASPEI91 (Kennett 1991) wave speed model. As predicted by the calculated radiation coefficients for downward and upward radiated P in Fig. 8(c) , direct P on the observed seismograms at EKA, YKA and FINES has a lower amplitude than the arrival at 3.5 s. At MKAR, a large arrival approximately 5 s after direct P is observed. This phase arrives at the predicted arrival time for sP for a source depth of around 11 km. For this type of oblique reverse fault, the phase sP is predicted to have a large amplitude at MKAR. Fig. 9 displays upward P and S, and downward P radiation coefficients for the best-fitting focal mechanism at a depth of 39 km. For this type of mechanism downward P is predicted to be larger than upward P at YKA and MKAR. As the observed seismograms at YKA and MKAR in Fig. 8(d) show a small direct P followed by larger amplitude phases in the 10-15 s window after P, the data are therefore not consistent with those expected for the best-fitting focal mechanism at a depth of 39 km. It is therefore concluded that the 2002 December 31 Iran earthquake is at a depth of 11 km. Table 3 shows a comparison between depths estimated in this study and those published by other seismological centres. For all of the earthquakes analysed in this study, there are no depth phase observations in the REB. For four of the earthquakes, the depth published in the REB is fixed at 0.0 km. For the 2009 February 23 Iran earthquake a depth of 33.3 km was published in the REB while the depth estimated in this study is 19.5 km. For seismic sources in the REB where no depth phase observations exist, the depth estimated in the REB is obtained using P and S arrival times. For Table 3 also shows that depths estimated in this study are in reasonable agreement with depths estimated using the earthquake relocation algorithm described by Engdahl et al. (1998) 
D I S C U S S I O N A N D C O N C L U S I O N S
For many small-to-medium sized earthquakes (3.5 ≤ m b ≤ 5.5), estimating the source depth can be difficult. In this study, we have examined how the effectiveness of depth estimation by the inversion of surface wave amplitude spectra and by the identification of depth phases is dependent on the focal mechanism. Inversions of synthetic surface wave data have shown that the constraint on the source 3 -depth will be less for focal mechanisms which do not produce spectral nulls than for focal mechanisms for which spectral nulls are observed at a range of azimuths. The Rayleigh wave radiation patterns show that spectral nulls are not expected for non-pure strike-slip faults and oblique reverse (or normal) faults. pP radiation patterns show that as the focal mechanism gets closer to a purestrike slip fault and the B axis becomes closer to the vertical, the geographic regions at teleseismic distances where pP is predicted to be large become progressively smaller. Statistical analysis of earthquake catalogues by Bowers & McCormack (1997) showed that for most earthquake sources the P and T axis are not vertically orientated (i.e. the fault is not pure reverse or normal). It is therefore perhaps not surprising that depth estimation will be difficult for many earthquakes as depth phases will only be observed in limited geographic regions and Rayleigh wave spectral nulls will not be seen at a range of azimuths. Inversions of synthetic surface wave amplitude spectra in this study suggest that the source depth and mechanism obtained by inverting Rayleigh and Love wave amplitude spectra are often orthogonal. For four of the five earthquakes analysed in this study, when the observed Rayleigh and Love wave amplitude spectra are inverted for source depth and mechanism, the constraint placed on the depth is found to be poor. However as the best-fitting focal mechanisms at each grid-searched depth are similar, a representative focal mechanism similar to the best-fitting focal mechanisms at other grid-searched depths can be used to identify the regions where pP could potentially have a large amplitude. Subsequent analysis of seismograms in these regions for all the sources analysed here revealed phases with a good SNR which were subsequently interpreted as the depth phase pP. For the 2002 December 31 Iran earthquake, the misfit-depth profile identifies two possible but quite different mechanisms. The upward and downward P and S radiation patterns calculated for the two source mechanisms could however still be used to determine which mechanism and depth the observed teleseismic P seismograms were consistent with.
One of the principal disadvantages of estimating earthquake depths by depth phase identification is the possibility that some other phase is mistakenly identified as a depth phase. For example, many previous studies (e.g. Barley et al. 1982; Douglas et al. 1990 Douglas et al. , 1992 Bowers et al. 2000) have identified and explained arrivals not predicted by standard plane-layered Earth models as S-to-P conversions caused by anomalous Earth structure. This study has shown that for many focal mechanisms pP is predicted to be large in only very limited geographic regions, hence depths estimated by identification of the depth phase pP will often rely on data from a small number of stations with limited azimuthal coverage (e.g. 2009 February 23 earthquake). It is therefore useful for the analyst to have prior knowledge of where pP is predicted to be large, both for increasing confidence that the phase identified as pP is not some other phase caused by complex Earth structure in the source region, and also for focusing the analysts search for pP into the regions where it should be easiest to identify. Provided that the depth phase pP has been correctly identified, the uncertainty in the source depth is proportional to the wave speed model error. Therefore if model errors of 15 per cent are expected, then the estimated depth should be within ±15 per cent of the true source depth.
For some of the earthquakes analysed in this study (e.g. 2009 February 23 earthquake) the depth phase pP was found to be easiest to identify when direct P has a small amplitude and pP has a large amplitude. Given the increasing size and global coverage of seismometer stations, it is likely that stations will now exist in these regions. The effectiveness of this approach to depth estimation has been demonstrated by application to five earthquakes for which no depth phase observations were published in the REB. The identification of pP for all five of these earthquakes suggests that the approach described here can be useful for determining which mechanism and depth were consistent with the observed teleseismic P seismograms. However for some sources, for example, pure strike-slip faults or sources located in regions with complex Earth structure, depth phase identification may still be difficult.
In this study, the focal mechanisms used to identify where the depth phase pP will be easiest to identify have been estimated by inverting Rayleigh and Love wave amplitude spectra. This particular method has been chosen as it has been shown that the source depth and mechanism obtained by inverting Rayleigh and Love wave amplitude spectra are often orthogonal. This approach of using focal mechanisms to identify where pP is easiest to identify could of course potentially be applied using focal mechanisms obtained by other methods provided that the estimated focal mechanism is independent of the source depth.
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